Linking landscape patterns to specific ecological processes has been and will continue to be the key topic in landscape ecology. However, this goal is difficult to achieve by using the traditional landscape metric based on the Patch-Mosaic Model (PMM), as they don't integrate ecological processes with landscape patterns. In this paper, we proposed a conceptual model, i.e., the Source-Pathway-Sink Model (SPSM), which designates the role of a landscape unit into "source", "sink", or "pathway" based on specific ecological processes during the landscape pattern analysis. While the traditional landscape metrics derived from the PMM model is visual-or geometrical-oriented and lack of linkage to ecological significance, the SPSM model is process-oriented, dynamic, and scale dependent. A comparison between the PMM and the SPSM models shows that the SPSM model is complementary to the PMM model, and can provide a simple and dynamic perspective on landscape pattern analysis. The SPSM model may represent a conceptual innovation in landscape ecology.
Introduction
Landscape has been recognized as a fundamental unit to support human life for a long time. It is generally designated as a piece of land which is composed of different hierarchical ecosystems. Along with the rapid industrialization and urbanization across the earth, surface landscapes have been endowed with intensive human footprints (DeFries et al., 2010; Estoque and Murayama, 2016) . Landscape ecology is therefore regarded as a bridge between ecosystems and human influences (Haber, 2004) . The core issues of landscape ecology include landscape structure, information, functions, dynamics, services, and optimization (Verhagen et al., 2016; Bastian et al., 2014; Frazier and Kedron, 2017; Peng et al., 2015; Ye et al., 2007) . Identifying landscape patterns represents one of the basic steps to further reveal the core issues of landscape ecology (Crk et al., 2009; Lü et al., 2015; Ye et al., 2007) .
Landscapes ecology originated from regional geography and vegetation science in the 1930s (Turner, 1989) . It has evolved into a highly interdisciplinary science of heterogeneity, especially after the 1980s (Turner, 2005a) . Many studies have focused on the causes and consequences of landscape patterns, i.e., the spatial heterogeneity of landscapes (Wu and Hobbs, 2001; Turner, 2005a; Fu and Lu, 2006; Ye et al., 2004; Zhang et al., 2018) . It is recognized that one of the core topics in landscape ecology is the interactions between landscape patterns and ecological pro-cesses (Hobbs, 1997; Gustafson, 1998; Turner, 2005b; Fiener et al., 2011; Wu, 2013) . Quantifying the linkage between landscape patterns and ecological processes is critical for sustainable landscape use and management. The further development of landscape ecology, therefore, depends largely on achieving the full scientific integration of landscape patterns and ecological processes (Chen et al., 2009; .
First, the conceptual model of landscape ecology needs to have a better understanding between landscape patterns and ecological processes. Traditionally, the relationships between landscape patterns and ecological processes are assumed to be ubiquitous in term of landscape metrics (Gustafson, 1998) . However, this pattern-process principle is simply derived from findings of landscape pattern analysis without critical scrutiny. The relationships between landscape patterns and ecological processes in reality are diverse as the landscapes themselves are, and thus need evidence of existence (Li and Wu, 2004) . Second, the methodology of landscape pattern analysis should be improved by orienting to specific ecological processes (Sun et al., 2018a (Sun et al., , 2018b . Landscape patterns, i.e., the composition and configuration of a landscape, are generally quantified using landscape metrics (or indices) (Frazier and Kedron, 2017) . However, current landscape metrics, including patch size, shape, landscape diversity, and connectivity features, were initially developed based on the geometry of patches and their spatial relationships (Gémesi et al., 2011; Lee et al., 2009; Łowicki, 2012; Ouyang et al., 2010; Uuemaa et al., 2013) . And the relationships between landscape patterns and ecological processes were mostly established through statistical analyses (Tischendorf, 2001) or speculations that are based on ecological processes just from the metric results (Lausch and Herzog, 2002; Geneletti, 2005) . However, many of these metrics are redundant and difficult to interpret when they are used together (Clément et al., 2017; Uuemaa et al., 2013) .
Recently, many studies have attempted to systematically assess landscape patterns (Schumaker, 1996; He et al., 2000; McAlipine and Eyre, 2002; Fortin et al., 2003; Neel et al., 2004; Chen et al., 2009 ). These studies found that: (1) landscape metrics depend on the sources of data and are sensitive to changes of the scale (Wu et al., 2002; Langford et al., 2006) ; (2) different landscape patterns maybe have same values on landscape metrics ; (3) many landscape metrics are highly correlated and may induce redundancy (Li et al., 2005) ; and (4) landscape metrics can respond inconsistently to landscape pattern change and ecological processes (Tischendorf, 2001; Neel et al., 2004; Frohn and Hao, 2006) . Cautions should be taken in using landscape metrics and especially in establishing relationships between landscape patterns and ecological processes from these metrics (Gustafson, 1998; Bartel, 2000; Corry and Nassauer, 2005) . In addition to the appropriate selection of landscape metrics, it should be noted that landscape pattern analysis may also lead to tradeoffs among multiple spatial scales over different times (Campagnaro et al., 2017) .
Many of the landscape metrics that are derived from mathematical computations Frazier and Kedron, 2017) are not able to link the landscape patterns to ecological processes. Despite the recent efforts to develop new landscape metrics (Geneletti, 2005) , many of these metrics themselves are not the goal but the tools in quantifying landscape patterns (Turner, 2005a) . Developing a conceptual model of landscape pattern analysis is therefore an urgent need in current landscape ecology studies. Based on the source-sink concept (Doak, 1995; Dias, 1996; Liu et al., 2011; Naranjo and Bodmer, 2007) , we proposed a Source-Pathway-Sink Model (SPSM) on landscape pattern analysis that integrates patterns and processes in landscape ecology research. The objectives of our study are: (1) to develop and interpret the rationale of the SPSM model; (2) to compare and evaluate the new conceptual model with the traditional landscape metric approach; and (3) to clarify the advantages of SPSM model by comparison with the conventional PMM model.
Evaluating landscape pattern using the SPSM model
The source-sink connectivity has been an important theory of landscape ecology in the last three decades (Lipcius et al., 1997; Pulliam, 1988) . Pulliam (1988) attempted to develop the theoretical foundation for understanding the landscapescale implications of source-sink connectivity and dynamics. However, this theoretical framework is difficult to be applied to actual conservation practices (Liu et al., 2011) . For example, the increasing pressures of anthropogenic footprints to the ecosystems prompted a need for effective restoration and management of natural resources, leading to the application of the source-sink theory in natural reserve design and wildlife conservation (Lipcius et al., 2008; Hansen, 2011) . From the view of the source-sink connectivity, natural reserves may not act as source habitats but rather as refuges, providing the protection for adults but becoming non-viable sources for the organisms outside of the reserves (Ludford et al., 2012) . A better understanding of how human activities affect source-sink dynamics has the potential to inform and improve the management of species conservation (Schumaker et al., 2014) . The source-sink model implies that some habitat patches may be more important to the long-term survival of the population, and therefore considering the source-sink dynamics is critical in making conservation decisions.
In general, the source refers to the land mosaic where ecological processes originate and the sink is where the processes expire. Currently, the source-sink theory is mostly used in meta-population dynamics and wildlife conservation. Specifically, sources are high quality habitats where reproduction exceeds mortality and the organisms in these source patches have a potential to emigrate; sinks, on the contrary, are low quality habitats where death rates exceed birth rates and immigration is needed for population persistence (e.g. Foppen et al., 2000; Tattersall et al., 2004; Novaro et al., 2005) . Some studies have tried to extend the application of source-sink theory (Sun et al., 2018a (Sun et al., , 2018b . For example, from the process of material flows, sources and sinks are the localities where materials come from and settle down, respectively (e.g. Cerdà, 1997; Shachak et al., 1998; Chen et al., 2002; Ahearn et al., 2005) . As a result, sources and sinks have been used as major landscape components in defining spatial heterogeneity. Besides sources and sinks, a spatial unit may exist and function neither as a source nor as a sink for certain cases (Mao et al., 2004) . We define this kind of spatial units as "pathway" with respect to the ecological flow in the ecosystem. A landscape, therefore, can be partitioned into three basic functional units, i.e., source, sink, and pathway in relation to a specific ecological process (Chen et al., 2009; Sun et al., 2018a Sun et al., , 2018b . Different from the traditional PMM model (Frazier and Kedron, 2017) , we proposed the SPSM model to redefine the landscape patterns through the composition and configuration of these three units in a land mosaic.
The first step of the process-oriented landscape pattern analysis is to define the source patches, sink patches, and pathways in term of a specific ecological process. Assuming source patches, sink patches, and pathways are all open systems and connect to their surroundings in a landscape, key factors in this landscape are the total input and output of ecological flows. Therefore, the input and output flows can be used as criteria to quantify the features of landscape in source, sink, or pathways.
Let EF i =Input i −Output i of the ecological flow in unit i of a given landscape, the following conditions may hold:
(1) unit i=source when EF i <0;
(2) unit i=sink when EF i >0; and (3) unit i=pathway when EF i =0 (An extreme case includes that landscape i has no contributions to the ecological process when Input i =Output i =0).
The pathway in a landscape is usually unstable and sensitive to the change of ecological process. Given the context of Input i ≠0, Output i ≠0, and Input i ≠Output i , the intensity of unit i as a source or sink can be quantified as:
(1)
Thus 0<R i <1, and R i will correspond positively to the intensity of the unit i in source or sink. When Input i ≠0 and Output i →0, the intensity of unit i as a net sink equals the intensity of Input i . Similarly, when Input i =0 and Output i ≠0, the intensity of unit i as a net source equals the intensity of Output i .
The cumulative effects (CE i ) of unit i can be defined as follows during an ecological process if a time dimension t is introduced (T i is the variable "time"):
Assuming unit i has a capacity UC i as a source or sink at the beginning of the ecological process, and UC i =CE iT (or dUC i /dt=0), the landscape unit will change from a source (sink) to a pathway. If there are n units in a heterogeneous landscape, their overall effect (OE) on the ecological process is calculated as
If the basic landscape elements including sources, sinks, and pathways are defined, a mathematical model can be used to quantify the composition and configuration (e.g. the number, magnitude, and spatial distribution) of these elements in a landscape (Chen et al., 2009 ). Assessing the landscape as a whole is important towards understanding landscape's functionality, and consequently ecosystem functions and services (Távora et al., 2016) . The results from the above process-oriented landscape pattern analysis are meaningful and suitable for decision-making in landscape assessment, optimization, and management. It is noted that the ecological processes within and between the spatial units are also important in generating inputs and outputs of the ecological flows. Nevertheless, such ecological flows are dependent on the nature of the flows and thus need to be examined in relation to a specific ecological process, for example meta-population dynamics, nutrient flows or any other ecological flows. They are beyond the scope of the present paper. Fortunately, a few theoretical frameworks have been developed in this respect in relation to nutrient flows in a landscape (Leibowitz et al., 2000; Loreau et al., 2003) .
Advantages of the SPSM model
The SPSM model defines the landscape according to a unit's function in a specific ecological process. The SPSM model has both the ecological and morphological significance compared to the traditional PMM model. Therefore, the ambiguity of landscape units in ecological function can be largely avoided. For example, patches and corridors can serve as both sources and sinks (Garten and Ashwood, 2003; Wang et al., 2005) . Furthermore, the spatial units of sources, sinks, and pathways can be heterogeneous if they meet the corresponding EF i conditions.
In selecting the priority area for the ecological protection, the source habitat is often assumed to have the highest priority. If a sink is associated with human activities, simply designating an area as a reserve may convert the sink patches to source patches (e.g. no-take zones). However, determining which areas are sources or sinks for all species is difficult because an area that is a source for one species may be not important to others. The functional roles of landscape units are determined by their intrinsic quality such as the UC i s and are influenced by the trigger events such as rainfall-runoff events that transport material. These trigger events are usually stochastic in nature. Therefore, the same spatial unit may serve as a source in one case and a sink or a pathway in another. The dynamics of landscape units produce a need of quantifying their long-term effects in the SPSM model (UF i ) (Shukla et al., 2017) . In addition, the configuration of source, pathway and sink units can affect the cumulative effects (OE) of the land mosaic or the whole landscape on the ecological process. The SPSM model is process-oriented, dynamic, and scale dependent compared to the traditional PMM model. More importantly, the same landscape unit may lead to diverse ecological effects on different ecological processes. This is comparable to the fact that different organisms may perceive and react to the same landscape (Manning et al., 2004) . When we designate a landscape unit as a source, pathway, and sink, we need to specify the ecological process and related temp-spatial scales at which the ecological process is investigated Exner-Kittridge et al., 2016) .
Comparison between the PMM model and the SPSM model
The PMM model provides a simple and intuitive method to conceptualize a unit in a landscape (Forman, 1995) . According to this model, landscape units at any scale can be fully represented by patches connected with corridors in a background of matrix. The partition of these three units is largely visual or based on the geometry of their ecological functions or the ecological processes operating in and between them. This model is largely a "snapshot" view of the actual landscapes and thus it is static. The current landscape metrics used are primarily based on the PMM model ( Figure  1) . This leads to the present proliferation of the metrics application in landscape pattern analysis with inadequate consideration of underlying ecological processes. The proposed SPSM model (Figure 2) , however, is complementary to the traditional PMM model (Figure 1) , and considers the roles of landscapes from the perspectives of ecological processes among different nested spatial units. The designation of landscape types using the three functional elements of source, pathway, and sink is process-oriented and dynamic. The new model is a "video image" view of the actual landscapes. It has the potential to serve as a jumping off point to bridge the gaps between landscape patterns and ecological processes in landscape ecological studies.
In practice, the new model requires the ground truth monitoring of ecological processes in relation to landscape patterns at different scales. For example, field monitoring is required to acquire the critical values such as EF i , R i , and UC i for spatial unit i under certain stochastic ecological process. Typical cases include microclimate monitoring in urban heat island research (Giridharan et al., 2005; Wong and Yu, 2005; Sun et al., 2018a Sun et al., , 2018b , metapopulation dynamics monitoring (Foppen et al., 2000; Novaro et al., 2005) , and material transport monitoring (Wang et al., 2005) . These kinds of monitoring should focus on both individual roles of specific landscape unit and cumulative effects of different combinations. The approaches that extrapolate landscape functions from landscape spatial patterns, however, are usually questionable and should be avoided. Therefore, landscape pattern analysis needs to be supported by ecological process monitoring if the landscape functions are the theme of the investigation. 
Application of the SPSM model
A case study was given by Chen et al. (2009) aiming to link the landscape pattern with the nutrient loss at watershed scale by a new index LWLI (location-weighted landscape index) based on the SPSM model. The LWLI can integrate the landscape pattern and the nutrient loss at the outlet based on on-site measurement from watershed. In this index, Lorenz Curve was introduced to describe the spatial pattern of "source", "sink" landscape types in a watershed (Figure 3) .
In Figure 3 , O[0,0] represents the outlet of a watershed where on-site measurements were made, Y-axis [OA] represents the percentage of accumulated area of each landscape type from 0 to 100 compared to the landscape factors such as distance, relative elevation and slope degree. X-axis [OC] represents landscape parameter from 0 to the maximum value in a watershed. The index of LWLI is calculated as follows:
where, Source i is the area of the Lorenz curve for the ith source landscape type vs the landscape parameter, i.e., the distance, the relative elevation, or the slope degree; and Sink j represents the area of the Lorenz curve for the jth sink landscape type. W i and W j represent the weight of the ith source and the jth sink landscape type, respectively based on its contribution to the process; m is the number of source landscape types in the watershed and n is the number of sink landscape types; Pc i and Pc j are the actual area percentage of the ith source and the jth sink landscape type in a watershed, respectively. In eq. (4), when the function of the source and sink landscape in a watershed is balanced, the value of LWLI would be 0.5. This landscape would produce slight nutrient loss or soil erosion. However, if LWLI is higher than 0.5, the "source" landscape would contribute more to the processes at the outlet than the "sink" landscape. This landscape pattern would cause more nutrient losses, or soil erosion. Higher LWLI implies high risk on nutrient losses or soil erosion in a watershed. The case study on nutrient loss (Chen et al., 2009) confirmed that LWLI index developed based on the SPSM model can be used to estimate the effects of landscape pattern on ecological processes such as nutrient loss and soil erosion well. Additionally, some case studies by incorporating the SPSM idea were conducted, for example to examine the relationship between urban landscape pattern and urban heat island Sun et al., 2018b; Li et al., 2017) , landscape pattern and non-point pollutant load (Cheng et al., 2019; Sun et al., 2018a; Ai et al., 2015) , land-cover patterns and soil erosion (Shi et al., 2013 ).
Conclusions
Landscape ecology has already become one of the most important disciplines in ecological research. Further advancement of this discipline, however, is hindered by the inadequacy in integrating landscape patterns and ecological processes, as current traditional landscape pattern analysis depends heavily on the landscape metrics associated with the traditional PMM model. Despite the fact that the PMM model has advanced the understandings on landscape heterogeneity, it is basically visual-or geometrical-oriented in landscape pattern analysis. The PMM model overlooked the interactions between landscape patterns and ecological processes. There is an urgent need for conceptual and methodological innovations in integrating ecological processes with landscape patterns. The SPSM model we proposed here provides a simple and dynamic perspective on landscape patterns with sufficient consideration of underlying ecological processes. It should be noted that the SPSM model is not mutually exclusive, but complementary, with the PMM model. We further analyzed the general characteristics and principles of the SPSM model from the instant and cumulative effects of landscape patterns on ecological processes. The SPSM model can be processed with more detailed monitoring in individual studies, thus has the strong potential to promote innovative research in landscape ecology.
